Numerous posttranslational modifications have been described in kinesins, but their consequences on motor mechanics are largely unknown. We investigated one of these-acetylation of lysine 146 in Eg5-by creating an acetylation mimetic lysine to glutamine substitution (K146Q). Lysine 146 is located in the α2 helix of the motor domain, where it makes an ionic bond with aspartate 91 on the neighboring α1 helix. Molecular dynamics simulations predict that disrupting this bond enhances catalytic site-neck linker coupling. We tested this using structural kinetics and singlemolecule mechanics and found that the K146Q mutation increases motor performance under load and coupling of the neck linker to catalytic site. These changes convert Eg5 from a motor that dissociates from the microtubule at low load into one that is more tightly coupled and dissociation resistant-features shared by kinesin 1. These features combined with the increased propensity to stall predict that the K146Q Eg5 acetylation mimetic should act in the cell as a "brake" that slows spindle pole separation, and we have confirmed this by expressing this modified motor in mitotically active cells. Thus, our results illustrate how a posttranslational modification of a kinesin can be used to fine tune motor behavior to meet specific physiological needs.
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kinesin | acetylation | mitosis | molecular motor M embers of the kinesin superfamily of molecular motors fulfill specific roles in cell physiology. Some serve as transporters, others serve as regulators of microtubule (MT) dynamics, and others still serve as mitotic motors (1) (2) (3) (4) . Nevertheless, individual kinesins can play multiple cellular roles. For example, while kinesin 1 transports organelles, it also slides MTs during axonal elongation (5) . MCAK, an MT-depolymerizing mitotic kinesin, can also drive cell motility (6) . MTs also play multiple roles in cell physiology, and this adaptability is due in part to multiple posttranslational modifications (PTMs) (7) (8) (9) . Thus, some of the multifunctionality of kinesin motors might reflect PTMs that modify their mechanochemical behavior. PTMs have been identified in most kinesins, including many in the catalytic domain of these enzymes (10, 11) . However, in nearly all cases, the consequences of these PTMs on motor function remain unknown. Multiple PTMs in the motor domain of the mitotic kinesin Eg5 have been reported (12) , including in Loop 5 and helices α2 and α3-all in the vicinity of the catalytic site (Fig. 1A) . As with other kinesins, Eg5 also plays multiple roles in cell physiology, including not only formation of the mitotic spindle in dividing cells but also, axonal branching and cell motility (13, 14) . These roles may be associated with distinct mechanochemical requirements-which might be achieved via specific PTMs. One such PTM of Eg5 is acetylation of a lysine residue (K146) at the C-terminal end of helix α2 (Fig. 1A ) (15) (16) (17) . Lysine 146 makes a salt bridge to aspartate 91 on helix α1, and its acetylation disrupts this ionic interaction-an effect that can be mimicked by a lysine to glutamine point mutation (18) (19) (20) . The importance of acetylation in cell biology is underscored by the recent findings that it regulates not only chromatin activity through its effects on histones (21) but also, transcription, metabolism, autophagy, and viral infection (22) (23) (24) (25) .
Two key structural domains in kinesin 1 and Eg5-switch 1 (Sw1) and the neck linker (NL)-alternate between two orientations during the ATPase cycle (26) (27) (28) (29) (30) . Sw1 senses the γ-phosphate of ATP, and it assumes "open" (capable of binding ATP) and "closed" (capable of hydrolyzing ATP) conformations. The NL moves in response to ATP binding between "undocked" (not force-generating) and "docked" (force-generating) orientations. We found that, while Sw1 and the NL are tightly coupled in kinesin 1 (e.g., closed Sw1 associated with docked NL), they are more loosely coupled in Eg5. Tight coupling is important for Significance Members of the kinesin superfamily serve a wide variety of functions, and a dominant narrative for these molecular motors has been that each member of the superfamily is uniquely specialized to serve a very limited set of functions. However, it is now appreciated that many members of this group serve several distinct physiological roles, and it has been unclear how these kinesins accomplish this functional flexibility. In this report, we describe a posttranslational modification of the kinesin 5 family member Eg5 that dramatically alters its chemomechanical behavior to make it function much more efficiently under load and in ensembles. This work provides the biophysical context required to mechanistically understand the effects of modified Eg5 in dividing cells. a highly processive motor that operates in isolation, such as kinesin 1, as it helps ensure that the motor does not enter a weak MT binding state before it has docked its NL and generated force. Conversely, this might be unnecessary for Eg5, which by working in large ensembles, may not need to be highly processive. Here, we have focused on the acetylation of K146 through molecular dynamics (MD) simulations, transient time-resolved kinetics, single-molecule mechanics, and time-lapse microscopy of cells in mitosis. We find that a pseudoacetylation mutant of Eg5 (K146Q) shows much tighter conformational coupling of Sw1 to the NL, and this is associated with improved motor performance under load-features characteristic of kinesin 1. Taken together, our results suggest that kinesin PTMs can act as a "molecular gear shift"-broadening a specific kinesin's capabilities and enhancing the flexibility that a cell has to respond to a wide variety of physiological demands.
Results
The K146Q Acetylation Mimetic Has Little Effect on Enzymatic Turnover, Nucleotide Binding, or MT Dissociation. We examined the consequences of the K146Q mutation on the steady-state enzymology of Eg5 by using a cysteine light Eg5 motor domain monomer, referred to as Eg5 NL , which contains the WT lysine residue at position 146 as well as reactive cysteines in the NL and β-core. We previously reported that the behavior of Eg5 NL was nearly identical to a WT Eg5 monomer with regard to (i) the steady-state ATPase parameters (k cat , K 0.5,MT , K 0.5,ATP ); (ii) the kinetics of ATP (k b,ATP ) and ADP (k b,ADP ) binding as measured by the fluorescent nucleotide analogs 2′-deoxy 3′-mant ATP (2′dmT) and 2′-deoxy 3′-mant ADP; (iii) the kinetics of ATP-and ADP-induced MT dissociation (k d,ATP , k d,ADP ); and (iv) the force-velocity relationship measured at the single-molecule level (26) . Here, we mutated lysine 146 to glutamine to generate the corresponding pseudoacetylated species referred to in this text as Eg5 NL K146Q. We found that the values of k cat , K 0.5,MT , and K 0.5,ATP for the Eg5 NL and Eg5 NL K146Q at 20°C are very similar to each other (SI Appendix, Fig. S1 A and B and Table S1 ). The rate constants for ATP binding to and release from Eg5 NL and Eg5 NL K146Q are within 50% of each other at 20°C and are nearly identical at 10°C, where the binding of 2′dmT is slower and can be measured more accurately (SI Appendix, Fig. S1C and Table S1 ). The maximum rate for ADP binding to Eg5 NL K146Q is Fig. 1 . MD simulations of the effect of the K146Q acetylation mimetic mutation. (A) Molecular structure of Eg5 highlighting major structural elements, including Loop 9/Sw1 (orange), Loop 11/Sw2 (green), P loop (yellow), helix α0 (blue), NL (purple), CS (cyan), and helices α1 and α2 (red). Also shown is the WT salt bridge residue pair D91 and K146 (as bright blue spheres). Significant (P < 0.05) residue-residue distance changes between WT and K146Q mutant simulations are displayed as red and blue lines, with color intensity representing the magnitude of change and matching that in B. (Inset) Enlarged view of the catalytic site. (B) Pairwise residue difference distance analysis of WT and K146Q simulations. Significant (P < 0.05) residue-residue distance changes are displayed with size and color intensity scaled by magnitude (red for shorter in K146Q and blue for shorter in the WT). Major secondary structure elements are displayed in the marginal plot regions (α-helices in black and β-strands in gray). Specific structural regions noted in the text with distinct interactions with the NL and Sw1 regions have been labeled in red and blue, respectively. (C) Free energy profile from well-tempered metadynamics simulations for NL docking/ undocking of WT (blue) and K146Q mutant (red) as a function of the distances between residues N366 (NL) and G96 (helix α1). The arrow denotes the energy difference between the WT and K146Q at point of hydrogen bond formation. Table S1 ). Although the corresponding experiment was not performed on Eg5 NL , prior experiments on a cysteine free Eg5 monomer that is nearly identical to Eg5 NL also show a very rapid rate constant for ADP binding (>>150 s −1 ) (31). ATP binding to Eg5 produces a conformational change in the catalytic site, and the K146Q mutation has little effect on this process. However, this local conformational change produces secondary effects transmitted through the motor domain that alter MT binding and NL orientation (32) (33) (34) . We, therefore, performed MD simulations to obtain an unbiased assessment of what the global effects of the K146Q mutation might to be.
MD Simulations Predict That the K146Q Acetylation Mimetic Enhances NL Docking, Catalytic Site Closure, and the Coupling Between These Two Regions. We performed four replicate 300-ns MD simulations of WT and K146Q Eg5 complexed with ADP and bound to tubulin heterodimers. Analysis across replicates was used to predict statistically significant differences in residuewise interactions and energetics. Significant changes in residue-residue interactions associated with the K146Q mutation are evident for two functionally important domains. The first involves structures that are responsible for generating the "power stroke," and they include the NL, the cover strand (CS), Loop 13, and β7 ( Fig. 1 A  and B) . The K146Q mutation shortens distances and enhances interactions between the CS and the NL, the CS and Loop 13, and the NL and β7. These changes are summarized in Fig. 1B , red labels and SI Appendix, Tables S2 and S3. Other charged residue interactions, including those between E14 (CS) and E92 (α1), the N-terminal portion of β1 with the neighboring Loop 13/β8, and E20 (β1) to R329 (Loop 13), are also enhanced (SI Appendix, Table S2 ). In aggregate, these explain why we find that the NL spends a significantly greater proportion of time in the docked orientation in the mutant compared with the WT (72% of simulation frames vs. 40%, respectively) (SI Appendix, Fig. S2A ), and they are a consequence of the small displacements of α1 that result from removing the salt bridge between D91 (α1) and K146 (α2b). Thus, while the average distance between K146 and D91 is 3.6 ± 1.5 Å in WT Eg5, the corresponding Q146 to D91 distance in the K146Q mutant is 4.9 ± 1.2 Å, with a corresponding 5.3 kcal/mol decrease in interaction energy (SI Appendix, Tables S2 and S3 ).
The second domain includes structures that bind and coordinate nucleotide, including Loop 9/Sw1, the P loop, β1/helix α0, and Loop 14 (Fig. 1A) . The largest change is seen for Loop 9/Sw1. The closed conformation for this loop, which is necessary for ATP hydrolysis, is more frequently seen in the mutant (75% of simulation time vs. 18%, respectively), and this leads to shorter average distances to the P loop illustrated by a decrease in the G108 (P loop) to N229 (Sw1) distance of 3 Å. Distances between Sw1 and Sw2 and between Sw1 and Loop 14/α6 also decrease in the mutant (Fig. 1B , blue labels and SI Appendix, Table S2 ). The K146Q mutation also causes the α0 helix to move away from Loop 2a and toward Sw1, Loop 14, and α6 (SI Appendix, Fig. S2B ). Other interresidue distances, including W127 (Loop 5) to E215 (α3), D118 (Loop 5) to bound nucleotide, and D186 (Loop 8) to R312 (Loop 12), are also significantly shorter in the mutant (SI Appendix, Table S2 ). Additional simulations of acetyl lysine at position 146 revealed equivalent enhanced catalytic site closure, with the Sw1 region exhibiting a closed conformation for 70% of simulation time vs. 18% for the WT, and less dramatic but still significant (P < 0.05) α1, α2b, and NL distance differences leading to enhanced docking of the NL (71% of simulation time vs. 18% in the WT). Overall, these results indicate that the K146Q mutation results in dynamic perturbations both locally-reflected in an increase in the α1 to α2 distance-and at more distant functional regions, which they seem to collectively enhance coordination of the structural states of the NL with Sw1 regions.
Metadynamics simulations were used to further probe the energetic effects of the K146Q mutation on NL docking. Residue G96 at the C-terminal end of α1 forms a hydrogen bond with residue N366 in the NL, and this interaction is important for NL docking in kinesin 1 (35) . We, therefore, chose the G96-N366 distance as a collective variable for characterizing the free energy of NL docking via 700-ns metadynamic simulations (Fig.  1C) . The resulting free energy profiles indicate that the K146Q mutation favors formation of this hydrogen bond compared with the WT, with a relative total system free energy difference of 8.8 kcal/mol for docked vs. undocked (Fig. 1C, arrow) . This predicts that NL docking should be energetically more favorable in the K146Q mutant and further highlights the structural importance of the salt bridge between α1 and α2b for modulating NL docking. Taken together, our simulations imply that a major consequence of K146 acetylation is enhanced conformational coupling between Sw1 and the NL. In our previous study (26) , we showed that we could measure how conformational coupling between Sw1 and the NL changes during the motor mechanochemical ATPase cycle through use of a combination of transient kinetics and timeresolved FRET (TR 2 FRET). We, therefore, applied this technique to experimentally test the predictions made by MD. (26), we used TR 2 FRET to measure the transient changes in mole fraction of docked NL and closed Sw1 for Eg5 and kinesin 1 that occur after mixing with nucleotide. We found that, while NL docking and Sw1 closure are tightly coupled in kinesin 1, they are less so in Eg5-a finding that explains many of the functional differences between these two motors. Our MD studies suggest that the K146Q mutation enhances the conformational coupling of the NL to Sw1 in a manner reminiscent of kinesin 1. We, therefore, generated two monomeric Eg5 constructs, each containing the K146Q mutation, that have pairs of reactive cysteines for labeling with an FRET donor [N-acetylaminoethyl-8-naphthylamine-1-sulfonate (AEDANS)] and acceptor [N-(4-dimethylamino-3,5-dinitrophenyl)maleimide (DDPM)]. The first, Eg5 NL K146Q, has been described above. The second, Eg5 Sw1 K146Q, has reactive cysteines in the Sw1 loop (residue 228) and in a reference point (residue 30) along with the K146Q acetylation mimetic substitution.
We mixed donor only (AEDANS)-or donor + acceptor (AEDANS/DDPM)-labeled Eg5 NL K146Q and Eg5 Sw1 K146Q + MTs with ATP in the stopped flow and then acquired TR 2 FRET waveforms during subsequent ATP binding, hydrolysis, and MT dissociation. Fig. 2 illustrates representative waveforms for MT complexes of Eg5 NL K146Q ( Fig. 2A ) and Eg5 Sw1 K146Q (Fig. 2B) after mixing with 2 mM ATP. As in our prior study (26) , we performed our experiments at 10°C to observe all phases of the resulting fluorescence transients. The acquired waveforms were analyzed as described previously (26) Table S4 ). The mole fraction transients for Eg5 Sw1 K146Q were modeled by kinetic simulation (described below) as in our previous work (26) .
In Eg5 NL , both ATP binding and subsequent hydrolysis induce NL docking, and we find that the same is true for Eg5 NL K146Q. However, the K146Q mutation does alter NL movement in two ways. First, it accelerates NL docking during the ATP binding step threefold (Fig. 2E and SI Appendix, Table S4 ). Second, it increases the fraction of motors that dock their NL during this step from 50 to 76% (SI Appendix, Table S4 ). Combined, these effects should make force production more rapid and complete with initial ATP binding. In our prior study, we also found that ATP binding alters the conformation of Sw1 by means of a fourstep kinetic scheme (26): , where M stands for the MT-bound motor; subscripts c and o stand for closed and open Sw1 conformations, respectively; T is ATP; D is ADP; and P i is inorganic phosphate. We were able to fit our data for both Eg5 and kinesin 1 by assuming (i) that both closed and open Sw1 conformations are populated in the absence of nucleotide and are in rapid equilibrium; (ii) that ATP only binds to the open state; (iii) that ATP hydrolysis requires Sw1 to close; and (iv) that phosphate release is associated with Sw1 reopening. SI Appendix, Table S5 summarizes the values of the rate constants that we extracted from this simulation for kinesin 1 and for WT Eg5 ("Eg5 Sw1 "). One of the major differences between Eg5 and kinesin 1 is in the value of K 4 , the equilibrium constant for Sw1 reopening after ATP hydrolysis, which is nearly 10-fold larger in Eg5 than in kinesin 1. This implies that, after hydrolysis, the open and closed conformations of Sw1 in Eg5 are in a slow equilibrium that markedly favors the open state, while in kinesin 1, they are in a more rapid equilibrium, where both open and closed states are roughly equally populated. When we applied our simulation to fit the corresponding data for Eg5 Sw1 K146Q (Fig. 2D and SI Appendix, Table S5 , Eg5 Sw1 K146Q), we found that this mutation had no effect on steps 1 and 2 and only a minor effect on step 3. However, it reduces K 4 to a value essentially identical to that for kinesin 1. This indicates that a major effect of the mutation is to significantly increase the fraction of motors with Sw1 in a closed conformation after ATP hydrolysis. The value of k 4 at the temperature of our experiments (10°C) (SI Appendix, Table S5 ) is slightly more than twice the rate constant for phosphate release measured at a higher temperature (7.9 ± 0.9 s −1 at 20°C) (36) , implying that this difference is considerably greater than twofold when comparing rate constants at the same temperature. We conclude from this that Sw1 reopening precedes the phosphate release step.
In our prior study (26) , we examined how Sw1 and the NL are coordinated in Eg5 and kinesin 1 by monitoring the coupling ratio defined as the mole fraction of docked NL divided by the mole fraction of closed Sw1, and we calculated it from the evolution of corresponding TR 2 FRET waveforms over time after mixing with ATP. A ratio of 1.0 implies tight NL/Sw1 coupling. For kinesin 1, this ratio is 0.99 in the absence of nucleotide (26) . Mixing with 2 mM ATP causes the ratio to rise (Fig. 3A, light  gray) , and fitting to a single-exponential rate equation (Fig. 3A , solid black line) yields a rate constant of 32.3 ± 0.5 s −1 and a final coupling ratio of 2.1. By contrast, the coupling ratio for Eg5 (Fig.  3A, dark gray) is 0.29 in the absence of nucleotide (SI Appendix, Table S4 . Conditions: 25 mM Hepes, pH 7.50, 50 mM potassium acetate, 5 mM magnesium acetate, 1 mM EGTA, 10°C (n = 3-9). (Fig. 3A, solid black curve) . The rate constants for both kinesin 1 and Eg5 are consistent with the values of k cat at the temperature of this experiment (10°C). We interpret this to mean that, for kinesin 1, Sw1 and the NL are tightly coupled through ATP binding and hydrolysis-when NL docking occurs-and remain moderately coupled with entry into the steady state. By contrast, Sw1 and the NL for Eg5 are poorly coupled in the absence of nucleotide. Coupling improves with ATP binding and hydrolysis, but Sw1 and the NL become markedly uncoupled again with entry into the steady state. We performed a similar analysis on the K146Q mutant as well as on a second mutant (K146M), which provides an additional way of testing the importance of the α1-α2b salt bridge in Eg5 function; as in our prior study (26) , we plotted the evolution of the coupling ratio over time from the TR 2 FRET waveforms that are illustrated in Fig. 2 . The plot of coupling ratio vs. time after mixing with 2 mM ATP is depicted in Fig. 3B for the K146Q (Fig. 3B, red) and K146M (Fig. 3B, magenta) constructs. Coupling ratios for these two constructs in the absence of nucleotide are 0.63 and 1.02 for K146Q and K146M, respectively. After mixing with ATP, this increases for both mutants, and fitting to the same rate equation (Fig. 3B, solid 
We interpret these data to imply that two Eg5 mutations that abolish the α1-α2b salt bridge enhance NL/Sw1 coupling to levels that resemble kinesin 1.
In kinesin 1, the position of the NL regulates the kinetics of ATP hydrolysis-a process that depends, in turn, on the structure of Sw1 (37) . In such a highly coupled system, load could thereby regulate the ATPase cycle of this motor. Since the K146Q mutation increases the conformational coupling between Sw1 and the NL, we might expect that it would also alter the load dependence of the motor mechanochemical ATPase cycle. We, therefore, next examined how load affects the mechanics of the K146Q acetylation mimetic at the singlemolecule level.
Single-Molecule Mechanics Reveal That the K146Q Mutation Alters
Motor Function Under Load. The function of single Eg5 motors was characterized via a standard optical trap bead assay (38) (39) (40) . Because WT Eg5 run lengths are short, it is difficult to turn off the optical trap before bead detachment. Thus, to characterize unperturbed motion, we used the weakest trap possible (<0.0005 pN nm −1 ) and left it on, allowing Eg5-driven beads to walk out of the trap. The maximum force that these motors experienced was about 0.07 pN at a position 150 nm from the trap center. Higher trap strengths were then used to characterize the response of the motors to load. We first tested a dimeric construct ("D"), consisting of the cys-light Eg5 motor domain, NL, and neck coiled coil (human Eg5 residues 1-402), fused to the kinesin 1 hinge and coiled coil (human kinesin 1 residues 372-560). As noted in prior studies (41, 42) , fusion to the kinesin 1 coiled coil tail is necessary to generate dimeric constructs containing the Eg5 motor domain that produce appreciable run lengths. We compared the in vitro single-molecule mechanics of D with corresponding studies of a dimer that also contains the K146Q mutation (referred to herein as DK146Q). Consistent with prior studies (26, 43) , we observed that D, like a WT Eg5 dimer, is quite insensitive to load, with single motors moving through a moderate-power optical trap at approximately constant velocity, although load increases as the motor moves away from the trap center (44) . Here, we carried out a more systematic set of measurements to determine the force-velocity curves for D (Fig. 4A and SI Appendix, Fig. S4 ). We found that D maintains an approximately constant velocity until ∼2.25 pN. It is able to advance under higher load, although velocity decreases as the load increases beyond 2.25 pN (Fig. 4A) . By contrast, the K146Q mutation increases the sensitivity to load, and a significant velocity decrease occurs by 1.75 pN and continues to decrease more substantially above this force. While moving quite slowly (Fig. 4A) , the K146Q mutation also allows the motor to access higher forces. Overall, the distribution of force production is shifted to higher forces for the K146Q motor ( Fig. 4B and SI Appendix, Fig. S5A ), and the durations of force production are increased even more relative to the WT (SI Appendix, Figs. S4 and S5A). We think several effects contribute to this. First, the decreased probability of detachment leads to achievement of higher forces and longer runs. Second, the slower velocity under load increases the duration of runs. Third, the increased stall probability and duration of stalls both contribute to longer periods of force generation. Fig. 4B depicts the histogram from the "best" events, which will undercount the short duration events. An uncurated histogram of all events can be found in SI Appendix, Fig. S5A . We note that, in both cases, short runs, especially those with lower force production, are likely to be undetected, and therefore, the actual single-molecule experimental data likely contain more short events than are detected experimentally.
It has previously been shown (45, 46) that sensitivity of velocity to load leads to optimal load sharing. In a team of such motors moving under load, the leading motors feels increased force and slow down, allowing the trailing motors to catch up. This improves load sharing and system performance, assuming that the forward motors do not detach prematurely. Consequently, we next examined the effect of load on the Eg5 detachment probability. We found that, for any given load, DK146Q has a lower probability of detachment than D (SI Appendix, Fig. S3B ). We next examined the effect of the K146Q mutation on stall propensity and duration. To identify stalls, we used a 100-ms minimum cutoff and less than or equal to 0.5-pN change in average force. Statistical distributions of observed stalls suggested that DK146Q was much more likely to stall (Fig. 4C) and that it stalled for a much longer duration (Fig. 4D ) than D. We also used a set of automated velocity-only criteria, where we looked at smoothed velocities of individual traces as a function of load, and determined the percentage of such traces with velocity that went below 20 nm/s at that load. At each load, we observed more extremely low-velocity traces (SI Appendix, Fig. S4B ) for the K146Q mutant. Thus, as well as decreasing the probability of detachment under load, the K146Q mutation increases stall probability and duration as well as the overall duration of force production (SI Appendix, Fig. S4A ). Since analyzing runs that display stalls potentially introduces a selection bias, we also compiled statistics on all recognizable runs using a 1-pN cutoff to avoid noise. The presence of the K146Q mutation shifts the entire population of events to higher forces of longer mean duration (SI Appendix, Fig. S5 A and C) . In summary, our data imply that Eg5 motors acetylated at K146 are less likely to fall off the MT while under load and more likely to maintain higher forces for longer durations-features that would improve the summation of forces generated from multiple motors in an ensemble, enhancing overall system function.
To better understand how acetylation could affect motor function at the ensemble level, we used Monte Carlo simulations with motor parameters chosen from our single-molecule measurements (SI Appendix, Figs. S4, S6, and S7). These revealed improved ensemble force production in the K146Q mutant, which was reflected in larger mean forces, longer duration events, and an improved ability to escape from a fixed position optical trap (Fig. 5 ). This effect is progressively enhanced as the number of motors increases (compare Fig. 5 A, row 4 and B, left bars with Fig. 5 A, row 1 and B, right bars). During metaphase, Eg5 works in large ensembles in a "tug of war" with cytoplasmic dynein. Our results suggest that, in the presence of opposing load, Eg5 acetylation will cause the motor to slow down-unlike WT Eg5. This effect along with its enhanced ability to stall mean that acetylated Eg5, even when present in low concentrations, will act as a "brake" by interfering with nonacetylated Eg5 motors. We, therefore, predict that expression of low molar fractions of the K146Q acetylation mimetic in cells will slow spindle separation during metaphase. To test this, we next examined the effect of the K146Q mutation on spindle dynamics in cells.
Expression of the K146Q Acetylation Mimetic Reduces Spindle Pole
Separation Velocity in Mitotically Active Cells. To assess the functional consequence of K146 acetylation, mCherry (mCh)-tagged full-length WT or K146Q Eg5 protein was expressed in HeLa cells. Based on quantitative Western blot analyses, we estimate that mCh-tagged Eg5 proteins were present at ∼25% of the level of endogenous Eg5 (SI Appendix, Fig. S7 A and B) . Importantly, both WT and K146Q versions of the motor localized to the mitotic spindle in metaphase cells (Fig. 6A) . Measurements of mCh fluorescence along the pole to pole axis indicated that the spindle distribution of mCh-Eg5 K146Q did not differ from that for mCh-Eg5 WT (Fig. 6B) . To compare the functional activity of the WT and K146Q Eg5, HeLa cells expressing GFP-tubulin and equivalent levels of mCh-Eg5 WT or mCh-Eg5 K146Q were treated with the Eg5 inhibitor monastrol, resulting in mitotic arrest and the formation of monopolar spindles (Fig. 6 C and D) . Bipolar spindle formation was then measured after monastrol washout (Fig. 6C and Movies S1 and S2). Spindle lengths at the completion of pole separation were similar in cells expressing mCh-Eg5 WT or K146Q (11.02 ± 0.29 μm WT, 10.87 ± 0.26 μm K146Q, mean ± SEM) (Fig. 6E) . However, pole separation occurred at a significantly slower velocity in cells expressing mCh-Eg5 K146Q (0.84 ± 0.07 μm/min) than in cells expressing mCh-Eg5 WT (1.35 ± 0.15 μm/min, P = 0.0009, unpaired t test) (Fig. 6F) . Furthermore, expression of mCh-Eg5 WT did not alter pole separation velocity compared with control cells expressing mCh-tubulin (SI Appendix, Fig. S7C ). Taken together, these data indicate that low levels of Eg5-K146Q in mitotic cells can act as a brake to slow spindle pole separation.
Acetylation of K146 in Eg5 Is Present in Low Abundance in Tumor Cell
Lysates and Can Occur Nonenzymatically. Although acetylation of K146 in Eg5 has been repeatedly observed in the literature (15) (16) (17) , we wished to determine how abundant this modification is in interphase cells. We, therefore, generated lysates from two primary patient-derived glioma xenografts, immunoprecipitated Eg5, treated the SDS/PAGE-resolved Eg5 band to tryptic and chymotryptic digestion, and subjected the resulting peptides to liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis. The resolved peptides covered ∼65-85% of the total protein sequence. In particular, a chymotryptic digest revealed a low-abundance peptide (∼ 0.6%) with a collision-induced dissociation spectrum that is shown in SI Appendix, Fig. S8 . The mass of this ion is consistent with the acetylated form of the EKLTDNGTEF peptide, and the mass difference between the y9 and y8 ions in this spectrum is consistent with acetylation at K146.
There are at least 17 lysine acetyl transferases (47) that catalyze the nucleophilic attack by the e-amino group of protein lysines onto acetyl CoA to generate the acetylated PTM. However, lysine acetylation can also occur nonenzymatically in cells (48) (49) (50) . We wished to expose Eg5 to conditions conducive to nonenzymatic acetylation as a means to determine if K146 is sufficiently surface exposed for this modification to occur and to further support our in vivo finding. We, therefore, incubated dimer D with 1 mM acetyl CoA at room temperature at pH 7.5 for 12 h and subjected the material to LC-MS/MS analysis, comparing our results with those of a control D sample that was not exposed to acetyl CoA. Results are summarized in SI Appendix, Fig. S10 . D contains the first 401 residues from Eg5, and we concentrated our analysis on this portion of the chimera. Samples were subjected to tryptic and chymotryptic digestion, and the resulting peptides covered ∼80-95% of the protein sequence. While the first 401 residues of D contain 31 lysines, we could detect acetylation in only 10 of these, including K146, which was identified in two peptides. No acetylated peptides could be detected in the control samples. The K acetyl /K ratio for peptides containing K146 was ∼2.5%.
Discussion Multiple Elements of the Cytoskeleton Are Subject to Posttranslational
Modifications. Components of both the actomyosin and MT cytoskeleton are frequently modified posttranslationally (51) (52) (53) . The role of PTMs in regulating MT dynamics and function plays a central role in regulating MT function and has been referred to as the "tubulin code" (7) (8) (9) . By comparison, less is known about the roles that PTMs have on kinesin function, and even less still is known about their effects on motor function. In kinesin 1, serine 175, at the amino-terminal end of the α3 helix, can be phosphorylated by the JNK3 kinase, which reduces stall force by 20% (54) . A recent report has also described src-mediated phosphorylation of tyrosine residues in the motor domain of Eg5, including those located in the α3 helix and in Loop 5-in close proximity to residue K146 (12) . However, these studies do not provide insight into how PTMs alter motor mechanochemistry. Furthermore, these modifications all reduce motor function-acting in essence as "on/off" switches. In our prior studies of Eg5 (26, 36) , we showed that Loop 5, which splits the α2 helix into α2a (N terminus) and α2b (C terminus), functions in part by regulating the conformational (Fig. 4) . Notice the shifts toward higher values for the K146Q mutant. (B) Escape percentages from a fixed strength optical trap simulated using forces and detachment probabilities derived from single-motor experiments (Fig. 4) .
coupling between the catalytic site and the NL and that a mutation at the junction of Loop 5 with α2b (P131A) had profound effects on this coupling. This motivated us to look for a well-documented PTM in α2b with local structural effects that could be predicted, and this, in turn, led us to examine the mechanochemical consequences of lysine 146 acetylation.
While acetylation has long been recognized as a PTM of histones (21, (55) (56) (57) (58) (59) , it has been more recently appreciated that it also occurs in components found throughout the cell, including transcription factors, metabolic enzymes, and structural proteins (22) (23) (24) . Our proteomics results show that acetylation of K146 can be detected in low abundance in nonsynchronized glioma cells. They also show that, in the motor domain and neck coiled coil of Eg5, only about 30% of lysine residues-including K146-are sufficiently reactive to undergo nonenzymatic acylation by acetyl CoA. In this study, we did not determine which lysine acetyl transferases are responsible for K146 acetylation or to what degree nonenzymatic acetylation occurs intracellularly. However, our results in SI Appendix, Fig. S9 show that K146 acylation can occur nonenzymatically, and if this turns out to be physiologically relevant, it raises the possibility that regulation of this PTM may occur at the level of deactylases. The low abundance of acetylated K146 that we observe in nonsynchronized tumor cells suggests either (i) that low levels of acetylated K146 Eg5 are sufficient to affect ensemble motor function-consistent with our finding that modification of only a minority of Eg5 is sufficient to significantly slow spindle pole separation-or (ii) that acetylation is a cell cycle -regulated event.
Disrupting the α1-α2b Salt Bridge in Eg5 Enhances Allosteric Communication Between the Catalytic Site and the NL. Our MD simulations predicted large-scale effects from eliminating the α1-α2b salt bridge. This includes increased interactions and conformational couplings between α1, β7, the CS, L13, and the NL as well as between α0, the P loop, and Sw1 ( Fig. 1 and SI Appendix, Tables S2 and S3 ). In particular, a cluster of charged residues, including E92 (α1), K17 (CS), K362 (NL), and R329 (Loop 13), displays increased interactions on salt bridge disruption that together maintain the CS and NL in a state that is more frequently coordinated and docked. Metadynamics simulations also revealed an enhanced NL docking potential for the mutant (Fig. 1C) . In concert with these changes, Sw1 more frequently adopts a closed conformation due primarily to increased Loop 9, α0, and P-loop coordination. Collectively, these results suggest that acetylation of K146 produces a motor where nucleotide binding/hydrolysis and NL docking are tightly coupled. Loose coupling in unmodified Eg5 would prevent one motor from acting as a brake that could slow or stop other motors in the ensemble. However, in some circumstances, Eg5 tonically opposes the effects of cytoplasmic dynein, and under these conditions, there may be a need for Eg5 to act more like kinesin 1-stalling rather than dissociating. Utilizing TR 2 FRET, we have found that both the K146Q and K146M acetylation mimetics accelerate ATP-induced NL docking 2.2-to 3.4-fold ( Fig.  2 C and E and SI Appendix, Fig. S10 and Table S4 ) and enhance the mole fraction of closed Sw1 after ATP hydrolysis ( Fig. 2D and SI Appendix, Table S4 ). This ensures that Sw1 and the NL remain conformationally coupled through ATP hydrolysis and P i release, when the power stroke occurs, and indicates that K146 acetylation makes Eg5 resemble kinesin 1. In a prior study (26) , we observed that, when Sw1 in Eg5 is closed, it stabilizes Sw2 into a strong MT binding conformation. The increased mole fraction of closed Sw1 that we observe with the K146Q mutant after ATP hydrolysis (step K 4 ; above) implies that acetylation should enhance the fraction of the time that the motor is strongly bound to the MT. Taken together, our MD and TR 2 FRET studies predict that the consequences of K146 acetylation should be particularly apparent under load, and our single-molecule mechanics studies confirm this.
Unlike other kinesin PTMs, K146 acetylation produces a "gain in function," which enhances Eg5's ability to work in teams to overcome dynein-produced opposing load. At the singlemolecule level, there are four qualitative changes. First, detachment under load is decreased (SI Appendix, Fig. S4B ), and therefore, single motors reach higher forces ( Fig. 5 and SI Appendix, Figs. S4 and S6) . Second, the probability to transition into a "stalled" state increases threefold (Fig. 5) . This favors multiple motor load sharing. Third, the duration of stalls is longer (Fig. 5) , which means that acetylated motors remain attached and provide other motors more time to attach and contribute to ensemble function. Fourth, even when such motors do not stall, they are more slowed down by load (Fig. 5 and SI Appendix, Fig.  S3 ), which means that they spend more time supporting higher loads before detaching. These effects lead to better ensemble motor function under load (Fig. 6 and SI Appendix, Fig. S6 ), and the capabilities that they provide Eg5 are remarkably similar to those provided for dynein by its cofactors NudE and Lis1. NudE and Lis1 alter dynein detachment kinetics under load, with individual dynein motors holding on to MTs longer, allowing better group function as motors share load and enabling the complex to transport a cargo against significant opposition (60, 61) . Remarkably, acetylation of K146 does essentially the same thing for Eg5. On average, dynein with Lis1 and NudE holds on to MTs 60% longer before detaching compared with dynein alone (60) , an effect of comparable magnitude to what we observed in the K146Q mutation. This seems to be a form of convergent evolution, and it implies that the ability to modulate a motor's performance under load is an important variable for multiple molecular motors, regardless of their evolutionary source.
Disrupting the α1-α2b Salt Bridge Alters Eg5 Mitotic Function. By increasing conformational coupling and the lifetime of strong MT binding states, the K146Q acetylation mimetic mutation alters the force-velocity landscape of Eg5 so as to enhance motor efficiency in ensembles, reduce velocity in the presence of opposing load, and increase the probability of stalling. This would enable modified Eg5 to act as a brake, slowing centrosome separation by generating drag force against unmodified Eg5 motors. Spindle function involves a complex orchestration of multiple motors that, during at least part of the spindle lifetime, work in opposition to each other, and fine tuning of motor mechanical output is necessary to fine tune this balance of forces. While ubiquitination and proteolysis of mitotic kinesins are a well-recognized form of regulation, this seems unlikely to enable the cell to adjust motor output on the moment by moment basis that may be needed to balance opposing forces. Our biophysical results predict that acetylation of only a fraction of Eg5 is capable of slowing centrosome separation, and we observed this in our time-lapse microscopy studies (Fig. 6) .
Eg5 is a member of the kinesin 5 family of mitotic motors, and we note that at least one other member of this family-BMK-1 from Caenorhabditis elegans-has also been reported to act as a spindle brake (62) . Unlike Eg5, BMK-1 is not essential for mitosis or normal development. Its deletion accelerates spindle pole separation over twofold, implying that it provides a force that opposes spindle elongation. Alignment of the BMK-1 sequence with that for Eg5 reveals that the α1-α2b salt bridge seen in the latter is absent in the former. In particular, Eg5 residues D91 (α1) and K146 (α2b) are replaced in BMK-1 by residues K83 and Q136, respectively. Our results in conjunction with this prior work imply that there is an evolutionarily conserved need for some kinesin 5 motors to act for at least part of the cell cycle as a brake and that this need in some organisms is served by synthesis of a nonessential kinesin 5, while in others, it is served through a reversible PTM that provides cells with functional flexibility.
K146 Acetylation Highlights the Importance of the α1-α2b Salt Bridge in Tuning the Mechanochemical Properties of Kinesins. That both the K146Q and K146M mutations have very similar effects on conformational coupling implies that the effects of these mutationsand of the K146 acetylation, which these mutants mimic-are due to loss of the α1-α2b salt bridge and not to side chain interactions requiring acetyl lysine. The increased conformational coupling that we observe with both the mutations is largely a result of the threefold acceleration of NL docking, which allows this process to track with Sw1 closure. Our work, therefore, leads us to predict that NL docking should be relatively slow for kinesins with an α1-α2b ionic bond and appreciably faster in kinesins that lack it. This prediction is consistent with the limited set of data on the kinetics of NL docking, which shows that it is slow in both Eg5 (60-80 s −1 at 20°C) (27) and CENP-E (∼29 s −1 at 20°C) (63) . Both of these motors contain an α1-α2 salt bridge, with D91 and K146 in Eg5 corresponding to D72 and K116 in CENP-E (64). By contrast, kinesin 1 is devoid of this ionic interaction (65) . We would, therefore, predict a priori that NL docking in kinesin 1 should be faster than in WT Eg5 or CENP-E, and in fact, it is (>800 s −1 at 20°C) (66) . Critically testing the relationship between the α1-α2b interaction and NL docking kinetics will require additional comparisons with other kinesins. Two examples could serve as the basis for future studies. First, we note that Kif15, another mitotic kinesin, is also devoid of an α1-α2 salt bridge (67) , and our results would predict that NL docking should be rapid. Second, at least one other kinesin (Kif22) has a documented PTM in α2b (68, 69)-phosphorylation of T158, corresponding to position 147 in Eg5. Phosphorylated T158 could make a salt bridge with arginine 113, corresponding to residue D91 in Eg5. It seems likely that the approach that we have utilized in our study of K146 acetylation in Eg5 should be readily applicable to elucidate the consequences of altering the interaction between α1 and α2 in these and other kinesins as well.
Materials and Methods
A complete discussion of all methods, including generation of the kinesin cysteine mutants, expression, purification, ATPase assays, transient kinetic, methodologies, TR 2 FRET data acquisition and analysis, proteomics analysis, cell transfection, and video microscopy, is included in SI Appendix.
